Proteomic and genomic technologies provide powerful tools for characterizing the multitude of events that occur in the anucleate platelet. These technologies are beginning to define the complete platelet transcriptome and proteome as well as the protein-protein interactions critical for platelet function. The integration of these results provides the opportunity to identify those proteins involved in discrete facets of platelet function. Here we summarize the findings of platelet proteome and transcriptome studies and their application to diseases of platelet function.
Platelet genomics and proteomics in human health and disease

Introduction
Normal hemostasis balances between pro- and antithrombotic behaviors, with platelets playing a pivotal role. Platelets are involved in maintaining vascular integrity by sensing and responding to endothelial damage. Platelets also have additional roles in wound healing and repair as well as activation of inflammatory and immune responses (1) . The central role of the platelet in maintaining hemostasis raises the possibility that small genotypic variations may have dramatic phenotypic effects. Investigation of genetic variants that modulate platelet function will increase understanding of platelet biology and identify risk predictors for diseases involving platelets. Several diseases resulting from disorders in platelet function are well characterized. In most cases these are rare, monogenic disorders, associated with well-defined phenotypes. Examples include Glanzmann thrombasthenia and Bernard-Soulier syndrome (2) . The monogenic nature of these diseases means the underlying molecular defects can be identified via a reductionist approach focused on a single gene or its products. The study of rare allelic variants of these genes has contributed significantly to understanding platelet biology.
It is clear that platelets play a significant role in common diseases - notably in atherothrombosis and coronary artery disease (CAD). Atherothrombosis and CAD are the outcome of a complex interaction between genes and the environment, but it is clear that variations in platelet activity modulate thrombus formation. For example, large-scale clinical trials of oral "antiplatelet" drugs demonstrate that minor variations in platelet function can dramatically increase the risk of myocardial infarction (3) . Evidence suggests that single nucleotide polymorphisms are associated with changes in platelet function (4, 5) ; however, conflicting results have been obtained when these polymorphisms are tested for disease association (6) . It is more realistic to consider multiple contributing factors with the subtle effects of numerous genetic polymorphisms combining to create a range of platelet response within the normal population. To understand how variation at the gene transcription, translation, and protein levels perturbs platelet function from a normal to a prothrombotic phenotype, a more holistic approach is required. Recent technological and methodological advances now make this possible.
Genomics without a genome: the platelet transcriptome
Platelets are produced in the bone marrow from megakaryocytes as cytoplasmic fragments without genomic DNA (7). This renders them incapable of transcription of nuclear material, and platelets were thought to have no synthetic capacity. However, platelets retain a small but functionally significant amount of megakaryocyte-derived RNA as well as the proteins and molecular machinery necessary for translation. Furthermore, platelets can respond to physiological stimuli using biosynthetic processes that are regulated at the level of protein translation (8, 9) , demonstrating a functional role for platelet mRNA (10, 11) .
Initial studies using platelet-derived mRNA in the 1980s involved the construction of cDNA libraries (12) that identified many transcripts present in platelets. The development of PCR and its application to platelet biology facilitated the characterization of platelet transcripts and was instrumental in defining many monogenic platelet disorders and the human platelet antigens (2, 13, 14) . Recently, transcription profiling methods, such as serial analysis of gene expression (SAGE) and microarray technology, have been applied to more fully characterize transcripts in platelets (15) (16) (17) (18) .
Microarray technology, the fundamentals of which are described in Figure 1 and reviewed elsewhere (19) , represents a rapid, semiquantitative system for gene expression profiling. The number of published microarray studies using platelet-derived mRNA is limited, but those that have been performed suggest that between 15% and 32% of genes studied are present in platelets (16) (17) (18) (Table 1) . Several well-characterized platelet genes encode the most abundant transcripts (e.g., glycoprotein Ibα, glycoprotein IIb, and platelet factor 4). Numerous transcripts from genes involved in cytoskeletal organization were also identified (16) (17) (18) . Extrapolating from the published studies, and assuming that the arrays have an unbiased coverage of the approximately 22,000 genes in the human genome (20), it could be estimated that as many as 3,000-6,000 transcripts are present in platelets. This figure is sur-prisingly high considering the limited amount of mRNA in platelets. Estimates suggest that each platelet contains just 0.002 fg mRNA (∼12,500-fold less than a nucleated cell [ref. 21] ). The low level of RNA increases the potential for interference from contaminating cells, emphasizing the need to obtain pure platelets prior to RNA isolation. A limited overlap with the leukocyte transcriptome (20% of the top 50) has been observed, suggesting that 25% of the detected genes are restricted to platelets (17) .
The results of microarray analysis of the platelet transcriptome suggest a significant ontological bias toward metabolism, receptors, and signaling activities, categories that are concordant with known platelet function. Genes involved in the immune response were also present, consistent with the role of the platelet in inflammation and immunity (18) . In addition, a number of highly expressed transcripts previously unknown in the platelet, such as neurogranin (a PKC substrate) and clusterin (a complement lysis inhibitor), were identified (17) . Recently, reduced platelet expression of clusterin mRNA was demonstrated in patients with systemic lupus erythematosus (22) ; however, the significance of this remains to be determined.
A number of unexpected transcripts were identified in the published platelet microarray studies. In each study, erythroid transcripts were observed; this might suggest reticulocyte contamination, but residual expression from precursor cells remains a possibility. A number of histone transcripts were also present; however, the significance of this remains unclear.
Figure 1
Platelet transcript profiling by microarray. Generally, 1 of 2 approaches can be used to identify expressed transcripts in platelets. (A) With singlechannel oligonucleotide arrays, mRNA is isolated from platelets, labeled, and hybridized to the microarray. The array is then processed and scanned, and genes are identified as "present," "marginal," or "absent." Comparisons between samples can then be made in silico to identify differentially expressed genes. (B) In a 2-channel experiment, RNA from 2 individuals is isolated, each sample is labeled with a different fluorescent dye, and the 2 are compared directly on a microarray. In this case, the individuals have a different dose-response curve for a platelet agonist. Differentially expressed genes can then be directly identified.
SAGE in the platelet
Despite the lack of genomic DNA, the platelet does not appear to be entirely transcriptionally silent. Platelets contain a large number of mitochondria, each of which contains several copies of its own 16-kb circular genome that may be actively transcribed in platelets. The extent of this continued mitochondrial transcription was dramatically demonstrated by Gnatenko et al., who performed SAGE analysis in parallel with microarrays (17) . Though lower in throughput than microarray analysis, SAGE is an open and quantitative strategy for transcriptome profiling (23) .
When applied to the platelet, 89% of 2,033 SAGE tags were mitochondrial in origin (17) . The remaining 11% corresponded to 126 unique genes, half of which were not on the microarray (17) . Given this excess of mitochondrial transcripts, more than 300,000 SAGE tags may be required to completely characterize the platelet transcriptome. Subtractive SAGE is an alternative technique that may permit full characterization of the nonmitochondrial transcripts; however, with full genome expression arrays, the development of high-throughput sequencing technologies, and unbiased tiling path expression arrays (24) (25) (26) , it seems possible that SAGE may be surpassed in future studies (11) .
Studies of the platelet transcriptome, as well as that of the megakaryocyte (27, 28) , have thus far given a comprehensive overview of the categories of genes important in platelet function. However, transcriptome analysis is not without its limitations. These studies produce long lists of transcripts that are classified as present or provide information on their relative expression levels (16-18) but give no information about localization, interactions, posttranslational modifications, or activation state of gene products. Thus there are several levels of cell function to which transcriptome analysis is oblivious. An integrated approach that identifies novel transcripts and confirms protein expression and functional significance is required.
Proteomics
While the transcriptome of a cell defines those genes that are expressed, it is the encoded proteins that perform the majority of cellular functions. The human genome encodes an estimated 22,000 genes, but the number of functional proteins that can be generated through alternative splicing and posttranslational modifications is estimated to be at least 50 times higher (29) . The characterization of a cell's proteome represents a far more complex task than definition of the transcriptome.
Two-dimensional gel electrophoresis (2D-GE) (30) , which separates proteins by both size and charge, is the basis of many current proteomic techniques but has been used for many years to study platelet biology (31, 32) . Initial studies using reducing and nonreducing gels resulted in the naming of many of the platelet glycoproteins and the identification of protein defects in patients with inherited bleeding disorders (2). Non-gel-based separation techniques such as multidimensional liquid chromatography (LC) and Multidimensional Protein Identification Technology (MudPIT) are now replacing 2D-GE. These techniques have the advantages that they can be automated and are able to detect membrane and basic proteins (33, 34) . The development and application of electrospray and matrix-assisted laser-desorption ionization (MALDI), which permits the ionization of large biomolecules (35) , led to significant advances in proteomic science. These ionization techniques can be applied in combination with mass spectrometry (MS) to study the platelet proteome. MS instruments, such as MALDI-time-of-flight-MS (MALDI-TOF-MS) and complex tandem MS (MS/MS) machines, allow the unambiguous identification of proteins from mixtures, permitting the identification of hundreds rather than tens of platelet proteins.
Global and focused platelet proteomics
The description of the platelet proteome has used 2 general approaches ( Figure 2 ) that involve either the global cataloguing of proteins present in resting platelets (16, 36) or the characterization of "subproteomes," and changes within them in response to stimulation (37) (38) (39) (40) (41) (42) (43) . Initial studies of the cytosolic platelet proteome using 2D-GE over a wide pI range (pI 3-10) identified 186 proteins, a number of which were phosphorylated in resting platelets (44) . This represented a 10-fold increase over the number found in previous studies that had not used mass spectrometry.
More recent studies have shifted away from global profiling to the analysis of subfractions of the proteome and the identification of changes induced upon platelet activation (37) (38) (39) (40) (41) (42) (43) . These focused studies allow the identification of many more platelet proteins than can be achieved by global profiling, giving a more complete view of the platelet proteome. For example, a study of the platelet proteome using a narrow, acidic pI range (pI 4-5) identified the protein products of 123 different genes (36) . Extension of the same study into the pI 5-11 range identified an additional 760 protein features representing 311 different genes (38) . Despite significant effort, this only represented the characterization of 54% of the pI 5-11 2D-GE proteome. These combined studies highlight the abundance of signaling (24%) and cytoskeletal proteins (15%) present in the platelet (38) , mirroring the results obtained with microarrays and also identify several proteins not previously reported in platelets, such as the adapter molecule SH3GL1, an SH3 domain-containing Grb2-like protein, and RSU1, a regulator of G protein signaling. In addition, 15 predicted proteins were identified, demonstrating the utility of this approach in the identification of novel platelet proteins. Most recently, novel non-gel-based protein separation techniques (45, 46) have been applied to the study of the whole platelet proteome (47) . This study identified 641 platelet proteins, 404 of which were novel or not previously described in the platelet; thus, this represents the largest catalogue of platelet proteins to date.
The platelet proteome can be broken down further by subcellular prefractionation prior to LC or 2D-GE (Figure 2) , allowing the detection of low-abundance proteins that are masked in whole-cell analysis. These studies have focused on cytoskeleton-associated (42) and detergent-resistant membrane-associated (DRM-associated) proteins (48) . Following platelet activation, several proteins, including tropomyosin, myosin, and caldesmon, translocate to the cytoskeleton through interactions with F-actin. A study by Gevaert et al. identified additional proteins that translocate to the cytoskeleton upon activation, including a number of actin-related proteins, heat shock proteins, and coronin-like protein (42) . DRMs are sphingolipid- and cholesterol-rich domains in the plasma membrane (49) where receptors and downstream signaling molecules are highly concentrated. Several receptors on the surface of platelets show enhanced signal transduction when associated with DRMs (50). It is anticipated that the proteomic analysis of DRMs will identify proteins that are recruited to the rafts upon platelet activation (48) .
Functional platelet proteomics
The platelet can rapidly respond to a variety of agonists, and the effect of these on the platelet proteome has been studied. Like many other cells, platelets secrete proteins from preformed storage granules in response to stimuli (51) . Analysis of the secretome from thrombin-activated platelets has identified over 300 proteins that are secreted upon activation (41) . A number of novel proteins, including secretogranin III, a monocyte chemoattractant precursor, were identified that may represent a group of proteins that mediate functions secondary to blood clot formation. In addition, a number of the secreted proteins have been identified in atherosclerotic lesions, suggesting a potential role in atherothrombosis (41) .
Posttranslational modifications
Many signaling pathways in platelets are regulated by protein phosphorylation (52) , and recent proteomic studies have focused on the identification of proteins that are differentially phosphorylated upon platelet activation (37, 40) . Early studies identified phosphorylated proteins in thrombin-activated platelets (43, 44, 53) , and enrichment for phosphotyrosine-containing proteins by immunoprecipitation detected 67 proteins that were differentially phosphorylated between resting and thrombinactivated platelets. Through the application of MALDI-TOF, the identity of 10 of these, including FAK and SYK, was confirmed (40) . In a separate study that compared the unfractionated platelet proteomes from resting platelets and platelets activated by thrombin receptor-activating peptide (TRAP), 62 differentially regulated protein features were identified (37) . Characterization of the phosphorylated targets in TRAP-activated platelets led to the identification of a number of novel platelet proteins, such as the adapter protein downstream of tyrosine kinase-2 (DOK2), which is phosphorylated downstream of inside-out signaling through α IIb β 3 and also after glycoprotein VI activation. Additionally, activationdependent phosphorylation of RGS10 and RGS18, 2 regulators of G protein signaling, was demonstrated (37). These proteins were not thought to undergo any posttranslational phosphorylation. Tyrosine phosphorylation is just one posttranslational modification that is important for platelet function. Glycosylation, another key modification, has been studied in different cell types (54, 55) , and the application of glycoproteomic analysis to the platelet will be of interest.
Other future directions include the application of isotype-coded affinity tags, which allows quantitative differential proteomics (56) that will aid the identification of proteins expressed differentially between phenotypically different platelets.
Integration of transcriptome and proteome data
The integration of proteomic and genomic studies is critical, but integrating data from different platforms is challenging. The correlation of protein and transcript levels is weak in nucleated cells (57) and poorly defined in platelets. McRedmond et al. performed a qualitative correlation of their platelet transcript profile with the proteome by identifying a confirmed set of 82 proteins secreted by thrombin-activated platelets (16) . Seventy of these 82 proteins were represented on the microarray, and messages corresponding to 69% were detected. In the same study, a comparison of the transcript profile with those found in previously published platelet proteomics studies showed similar levels of correlation with proteins in the pI range 4-5 (68%) and tyrosine-phosphorylated platelet proteins (69%) (16) . Thus, while it appears that transcript and protein abundance may correlate poorly, presence of transcript appears to be associated with presence of protein.
There is a clear discrepancy between the numbers of expressed genes identified by transcriptomics and confirmation of the protein in platelets. Given the diversity of proteins generated by posttranslational modification, coupled with the lack of tran-
Figure 2
Analyzing the platelet proteome. 2D-GE has been extensively applied to the characterization of the platelet proteome. Published studies have analyzed the platelet proteome as a whole (36, 38, 44) or in subfractions (16, 40, 42) . Proteins are separated on the gel by charge (pI) and molecular weight (MW). The protein spots are then digested with a proteolytic enzyme, typically trypsin, and the resultant peptides are characterized by mass spectrometry to generate partial sequence information for the protein. This information can then be used to identify the protein by comparison of the sequence with databases of known protein and nucleic acid sequences.
scription in the platelet, one might expect more proteins than transcripts in the platelet. However, current experimental evidence runs contrary to this, with tens or hundreds of proteins being identified in platelet proteomic studies but thousands of transcripts being detected. To a large extent, this can be explained by the limitations of proteomic analysis; however, the application of novel techniques should reduce this discrepancy by increasing the number of identified proteins.
The recent study of Nanda et al. has applied both oligonucleotide microarrays and phosphoproteome analysis to identify and characterize a novel platelet transmembrane receptor (58) . Using bioinformatic analysis of the platelet transcript profile, proteins with predicted transmembrane domains were identified. In a parallel proteomic study, phosphoproteins were purified from aggregated platelets by affinity chromatography, separated using 1-dimensional gel electrophoresis, and identified using LC/MS/MS. Platelet endothelial aggregation receptor 1 (PEAR1), which signals secondary to platelet-platelet interactions, was identified using both approaches. This study highlights how proteomics and transcriptomics can be combined to identify novel proteins with a role in platelet function. A combined analysis of published transcriptomic and proteomic datasets could lead to the identification of additional novel proteins present in platelets. However, such an analysis is not trivial, as data can be in different formats and access to raw data can be restricted. The submission of data to public databases at the time of publication will facilitate the integration of datasets and ensure that standardized documentation detailing the experimental approach is available. In the case of microarray data, public databases exist and there are clear guidelines, published by the Microarray Gene Expression Data
Figure 3
Integration of proteome and transcriptome data. Global studies of the platelet transcriptome and proteome will allow complete characterization of the platelet system. The functional significance of changes in both proteome and transcriptome can be considered by comparison of healthy and diseased individuals, as well as those individuals with extreme platelet phenotypes. Further genomics, involving case-control genotyping studies, will permit determination of the genetic components that underlie normal variation in platelet function. Finally, bioinformatic integration of these approaches, along with the study of protein function using model organisms or in vitro examination of protein interactions, will expand upon current models of platelet function in health and disease. This map was generated using CellDesigner version 2.0 (http:// www.systems-biology.org/index.html).
Society (www.mged.org), about the minimal data required for submission (59) . For proteomic data, the guidelines and databases are currently under development.
The collation of proteomic and transcriptomic data will also allow a more complete characterization of the platelet through the identification of novel regulatory mechanisms and the construction of protein interaction networks (Figure 3) . The cataloguing of large numbers of genes and proteins associated with the platelet lineage may also permit in silico study of regulatory elements responsible for megakaryocyte maturation and platelet formation. Software such as TFBScluster (60), which has been used to identify cis-regulatory sequences controlling blood and endothelial development (61), could also be applied to megakaryocyte-restricted genes to identify specific transcription factor signatures. Furthermore, novel bioinformatics approaches that visualize complex biochemical networks will expand current models of hemostasis to include proteins and processes identified in transcriptomic and proteomic studies (62) .
Platelet proteomics and genomics in complex disease
Given the availability of whole-genome transcriptome platforms, robust RNA amplification techniques (15) , and novel proteomics technologies, platelet biologists are now in a position to begin characterizing the full complement of transcripts and functionally relevant protein fractions in an individual's platelets. This allows a shift in focus away from determining the components of the platelet system to asking fundamental questions about the mechanisms that determine interindividual variation in platelet function. One of the difficulties in analyzing transcriptomic and proteomic data is the sheer volume of data generated from a single experiment. Comparative studies reduce the complexity of results by allowing the researcher to focus in on differentially expressed genes and proteins. Such studies, which are in their infancy, require large populations of individuals with well-defined clinical phenotypes and standardized protocols. The importance of this is highlighted by a comparison of 2 published microarray studies (16, 17) , which used identical microarray platforms. While the most abundant transcripts in both experiments appear similar, there is an almost 2-fold difference in the number of transcripts identified as "present" (Table 1 ) because of differences in sample preparation and analysis parameters. In the study by McRedmond et al. (16) , the analysis accounted for the low signal intensities obtained when platelet RNA was analyzed using microarrays.
The application of microarrays to the study of complex disease requires many statistical considerations (reviewed in Chui and Churchill, ref. 63). The development and application of sound statistical methods for the analysis of microarray data is critical to obtaining meaningful results (64, 65) . Many microarray-based studies are underpowered and lack sufficient technical and biological replication to infer statistically significant datasets.
Genomics and proteomics in hematological disease
Transcript profiling is being used to investigate a number of platelet disorders, although no published studies have focused directly on the platelet. Comparative transcript profiling of neutrophil RNA from gray platelet syndrome (GPS) sufferers and healthy individuals showed that genes involved in the biosynthesis of cytoskeleton proteins are upregulated in GPS (66) . However, the significance of these findings remains to be elucidated. Microarrays have also been applied to study myeloproliferative disorders such as polycythemia vera (PV) and essential thrombocythemia (ET) (67) (68) (69) (70) . These acquired disorders are clonal HSC malignancies characterized by hypersensitivity to numerous cytokines. Transcript profiling of megakaryocytes differentiated in vitro from HSCs suggests that megakaryocytes from ET patients are more resistant to apoptosis. In this study (68) , proapoptotic genes, such as Bcl-2-associated X protein (BAX) and Bcl-2/adenovirus E1B 19-kDa-interacting protein 3 (BNIP3), were downregulated in patients. Similarly, transcript profiling of samples from PV patients has identified a number of genes that are over- or underexpressed in these patients relative to controls. Transcript profiling of granulocyte RNA identified 253 genes that were upregulated and 391 that were downregulated relative to controls. In a similar study (70) , antiapoptotic and survival factors were upregulated in granulocytes from PV patients, suggesting that these factors may promote cell survival. Recently, an acquired mutation in the JH2 pseudokinase domain of the JAK2 gene has been identified in more than 80% of PV patients (71) (72) (73) . This discovery was made using 3 different but complementary techniques, none of which used transcriptome or proteome technologies. It is highly unlikely that the 1849G→T mutation, encoding a V617F substitution, would have been identified directly by transcript profiling; however, the effect of a constitutively active kinase that is directly linked to cytokine signaling should be detectable by expression profiling. It would be interesting to reconsider the transcript profiling results in light of the identification of the JAK2 mutation. That the studies identified a signature rather than the cause of the disease highlights the fact that the identification of differential expression is not enough. To be truly informative, such studies must consider not only changes in transcript abundance, but also the underlying causes of these changes. It is more likely that complex diseases will be characterized by the integration of transcriptomic, proteomic, and genomic studies.
Conclusions
Advances in technology and methodology of high-throughput experimental approaches, such as genomics, proteomics, and bioinformatics, provide an opportunity to describe the whole platelet system in health and disease. These technologies currently provide a limited catalogue of transcripts and proteins, but the application of additional experimental approaches, including the use of model organisms, may eventually allow the construction of a platelet "molecular interaction map." The ability to construct such maps is already contributing to our understanding of basic biology in model organisms (74) (75) (76) , and such approaches have recently been applied to mammalian systems (77) . This integrated understanding of platelet biology will allow a more complete characterization of the role of platelets in complex diseases and provide unique phenotypes for the discovery of genetic traits. The catalogues of genes that are being developed for the platelet and the megakaryocyte are the first step toward the identification of genetic variants that play a role in determining both interindividual variation in platelet response and disease risk. These insights will be gained from candidate gene and whole-genome genotyping studies of individuals with well-characterized platelet phenotypes.
While the identification of a "molecular signature" of prothrombotic platelet phenotypes, analogous to those identified by the application of proteomic and genomic studies of various cancers (78, 79) , may seem fanciful, it would be careless to dismiss such a possibility. It is inevitable that the cost of these technologies will decrease as they become more widely applied. This will allow larg-er transcriptome and proteome studies to be carried out, which will, in turn, permit a detailed characterization of the variation of platelet gene expression within a large population of individuals, and thus investigation of the association, if any, between platelet phenotype and gene expression.
The development of diagnostic or therapeutic tools based, either directly or indirectly, on the application of proteomic and genomic analysis of platelets is still a long way off. However, these technologies are being applied more and more widely in the field of platelet biology. The extent to which such approaches will affect either the diagnosis or the treatment of platelet-associated diseases remains to be seen; however, it seems their impact on our understanding of basic platelet biology will be profound.
